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[1] We report new results on the structure and dynamics of the tropical atmosphere of
Mars derived from a combination of radio occultation measurements by Mars Global
Surveyor and simulations by a Mars general circulation model (MGCM). Radio
occultation experiments sounded the equatorial atmosphere at latitudes of 36�N to 30�S
during midsummer of the Northern Hemisphere (Ls = 134�–162�), sampling the predawn
thermal structure at a local time of �0412. Elevated temperature inversions are a
conspicuous feature of these observations. They appear at pressures between 30 and
200 Pa, well above the surface, and their magnitude exceeds 6 K in 34% of the
temperature profiles in this latitude band. The properties and spatial distribution of these
elevated inversions are organized across the tropics on planetary scales. Inversions are
strongest and occur most frequently above elevated terrain, achieving a peak magnitude of
�30 K near Tharsis, and their altitude generally increases toward the south. According to
MGCM simulations, which closely resemble the observations, these temperature
inversions arise from zonally modulated thermal tides. The best simulation includes an
interactive hydrologic cycle, which results in strong coupling between the thermal tides
and radiatively active water ice clouds. Prominent clouds form in response to wave-
induced adiabatic cooling and evolve in a pattern closely correlated with the thermal
structure of the tides. The tides in turn are intensified by radiative forcing from the clouds.
This tide-cloud coupling imposes strong diurnal modulation on the properties of clouds in
the tropics. INDEX TERMS: 5409 Planetology: Solid Surface Planets: Atmospheres—structure and

dynamics; 3346 Meteorology and Atmospheric Dynamics: Planetary meteorology (5445, 5739); 5445

Planetology: Solid Surface Planets: Meteorology (3346); 6225 Planetology: Solar System Objects: Mars; 3384

Meteorology and Atmospheric Dynamics: Waves and tides; KEYWORDS: Mars, Mars Global Surveyor,

atmospheric dynamics, thermal tides, water ice clouds

Citation: Hinson, D. P., and R. J. Wilson (2004), Temperature inversions, thermal tides, and water ice clouds in the Martian tropics,

J. Geophys. Res., 109, E01002, doi:10.1029/2003JE002129.

1. Introduction

[2] This is the third in a series of papers concerning radio
occultation experiments conducted in May–June 1999 as
part of the Radio Science (RS) investigation of Mars Global
Surveyor (MGS). Previous papers focused on extratropical
dynamics during southern winter, including both transient
eddies [Hinson and Wilson, 2002] and stationary planetary
waves [Hinson et al., 2003]. We now turn our attention to the
thermal structure and dynamics of the equatorial atmosphere.
[3] These radio occultations systematically sounded the

predawn thermal structure throughout the tropics, yielding
440 atmospheric profiles with exceptional accuracy and
vertical resolution. The season was midsummer of the North-
ern Hemisphere (Ls = 134�–162�). A subset of these

RS profiles is distinguished by the presence of remarkably
strong temperature inversions at pressures of about 50–
100 Pa. The RS data provide an intriguing characterization
of these inversions, as described in section 2, but their nature
and origin are difficult to deduce from the RS observations
alone.
[4] As in previous papers in this series, we supplement

the RS measurements with simulations by the Mars general
circulation model (MGCM) of the NOAA Geophysical
Fluid Dynamics Laboratory (GFDL) [Wilson and Hamilton,
1996]. Comparisons of simulations with key features of the
RS data, such as the strong tropical temperature inversions
described here, offer guidance toward improving the accu-
racy and reliability of the MGCM. Once an accurate
simulation has been achieved, the MGCM in turn offers
deeper insight into the behavior of the atmosphere.
[5] In this paper we use the GFDL MGCM to explore the

coupled behavior of thermal tides and water ice clouds, with
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emphasis on understanding the factors that lead to the
formation of elevated temperature inversions. This is a
logical extension of previous modeling studies, which have
shown that tropical temperature inversions can arise either
dynamically from zonally modulated thermal tides [e.g.,
Hinson and Wilson, 2000; Wilson et al., 2003] or radiatively
from a water ice cloud layer [e.g., Haberle et al., 1999;
Colaprete and Toon, 2000]. Our simulations provide the
first self-consistent treatment of both phenomena, which
proves to be a crucial step toward understanding not only
the observed inversions but also the behavior of tropical
water ice clouds. The importance of this approach is
reflected in the strong radiative-dynamical coupling
between tides and water ice clouds that characterizes our
best simulation.
[6] Some interaction between tropical tides and clouds is

likely to occur at this season. A prominent band of water ice
clouds appears at latitudes of about 10�S–30�N during
spring and summer of the Northern Hemisphere
[e.g., Clancy et al., 1996; Smith et al., 2001b; Wang and
Ingersoll, 2002; Smith, 2004]. Near Ls = 150�, the cloud
base is �15 km above the surface during daytime [Smith,
2002]. Within this context, thermal tides will modulate the
height of the condensation level, which is extremely sensi-
tive to temperature variations. Our MGCM simulations are
designed to explore this interaction. We find that tidal
temperature variations strongly influence the spatial struc-
ture and time evolution of tropical clouds.

2. Radio Occultation Measurements

2.1. Experiment Description

[7] Radio occultation experiments are conducted routinely
with MGS to monitor the structure and dynamics of the

neutral atmosphere [Tyler et al., 2001]. Each observation
yields a profile of temperature and geopotential versus
pressure that extends from the surface to �10 Pa, an altitude
interval of �40 km. More than 8000 RS profiles have been
retrieved since measurements began in January 1998, and
these experiments are continuing as part of an ongoing
extended mission.
[8] We consider a set of 440 RS profiles of the tropical

atmosphere obtained in May–June 1999, which corre-
sponds to northern summer of Mars year 24 (MY 24). (In
this convention for counting Martian years, MY 1 begins at
Ls = 0� on 11 April 1955 [Clancy et al., 2000]). These RS
profiles are most accurate near the surface and least accurate
at high altitudes. Typical values for the standard deviation in
temperature are �5 K at 25 Pa, �2 K at 100 Pa, and �1 K
at 400 Pa. The vertical resolution of these profiles is
�500 m. Additional discussion of the method of data
analysis and the characteristics of the resulting profiles is
given by Hinson et al. [1999, 2001].
[9] Figure 1 shows the spatial distribution of the RS

profiles, which forms a regular pattern across the tropics.
Occultation experiments were generally performed in the
northern tropics on every spacecraft orbit. The separation in
longitude between consecutive profiles is 28.6�, providing
daily sampling of zonal structure through wave number 6.
Measurements at intervals of 25 orbits (�49 h) form diag-
onals sloping from upper left to lower right in Figure 1b. The
measurements drifted steadily in latitude from 36�N at Ls =
134� to 30�S at Ls = 162�. The local time remained within a
narrow range (0407–0426), preceding sunrise by �1 hour.
Relatively few RS profiles are available in the southern
tropics at 120�–330�E.
[10] Two types of ambiguity are inherent in these RS

measurements. First, the local time of the measurements is
essentially constant, causing aliasing in observations of
thermal tides. Second, the measurements move slowly in
latitude, requiring �28� of Ls to progress from 36�N to
30�S, so that variations with latitude are difficult to separate
from variations with Ls. We will rely on MGCM simulations
for guidance in resolving these ambiguities.

2.2. RS Results

[11] Figure 2 shows pairs of profiles at four selected
latitudes, which illustrate characteristics of the predawn
thermal structure observed in the tropics. The base of each
profile lies within a few hundred meters of the surface, and
the variations in surface pressure are due primarily to
topography. Each profile contains a temperature inversion
in the lowest few kilometers above the ground that results
from nighttime cooling of the surface [cf. Hinson et al.,
1999, Plate 2].
[12] A different type of inversion, highly variable in

magnitude, appears well above the surface in all eight
profiles of Figure 2. Consider the case at 3�N (Figure 2b).
The profile at 254�E, above Tharsis, includes a remarkable
inversion with temperature increasing from 161 K at 90 Pa
to 192 K at 50 Pa. This contrasts sharply with the inversion
at 9�E, which is comparatively weak. Profiles measured
2 days later at the equator exhibit similar features
(Figure 2c).
[13] The dashed line in Figure 2c is the adiabatic tem-

perature gradient. Both profiles contain a layer of neutral

Figure 1. (a) Martian topography [Smith et al., 2001].
Shading denotes negative elevation. The contour interval is
2.5 km. (b) Distribution of RS measurements. Circles mark
the locations of the profiles shown in Figure 2.
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static stability at pressures near 150 Pa sandwiched between
the near-surface and elevated temperature inversions, where
the static stability is large.
[14] We developed automated software that scans all

440 RS profiles and identifies the strongest temperature
inversion (if any) within each profile. This algorithm
ignores the boundary-layer inversion adjacent to the
surface as well as inversions at pressures less than
20 Pa, where the measurement uncertainties are relatively
large. Tabulated results include the temperature and
pressure at both the base and the peak of the inversion.
These features are identified by circles for the eight
profiles in Figure 2.
[15] Figure 3 maps the observed temperature inversions

in latitude, longitude, and magnitude �T. There is a
noticeable correlation between this distribution and the
underlying surface topography (Figure 3a). Inversions are
strongest and occur most frequently above elevated terrain,
while few notable inversions appear over the low-lying
planitia of the northern tropics (e.g., Isidis, Utopia, Ama-
zonis, and Chryse). As a result of this correlation with
topography, the distribution of inversions varies distinc-
tively with both longitude and latitude.
[16] The strongest inversions (�T > 18 K) are confined

(with one exception) to longitudes of 220�–270�E, above
Tharsis (Figure 3a). Moderate inversions (�T = 12–18 K)
are more widely distributed. They appear above Tharsis
in the region surrounding the strongest inversions, in a

cluster at 300�–330�E, and sporadically at 0�–160�E.
Inversions with �T > 6 K occur most frequently above
Tharsis and least frequently at 160�–200�E, as shown in
Figure 3b.
[17] The distribution of these inversions is asymmetric

about the equator. (According to the MGCM simulation
discussed in section 4, this asymmetry reflects meridional
structure rather than variation with Ls.) Inversions
exceeding 6 K occur frequently in the southern tropics
(Figure 3a) but are relatively scarce in the north except
near Tharsis. Stronger inversions (�T > 12 K) are absent
at latitudes north of 11�N but appear as far south as
27�S.
[18] The structure of the inversions varies with latitude

in another important respect. This point is illustrated in
Figure 4, which shows the location in latitude and pressure
of selected inversions. At longitudes of 210�–270�E
(Figure 4a), the height of the inversions tends to increase
from relatively low altitudes in the northern tropics to
higher altitudes in the south. This effect is also apparent in
Figure 2. In the profiles at 249�–258�E, above Tharsis, the
pressure at the base of the inversion decreases from 160 Pa
at 22�N to 65 Pa at 25�S, corresponding to an increase in
geopotential height of �9 km. The inversions on theFigure 2. Selected RS profiles at (a) 22�N, Ls = 140�,

(b) 3�N, Ls = 147�, (c) 0�N, Ls = 148�, and (d) 25�S, Ls =
159�. The interval between each pair of measurements is
<18 h. These profiles are at locations (dark) above Tharsis
and (light) at other longitudes, as indicated in Figure 1b.
Circles denote the base and peak of the strongest elevated
temperature inversion in each profile. The dashed line in
(c) shows the adiabatic temperature gradient.

Figure 3. (a) Distribution of tropical temperature inver-
sions. Symbols show locations where RS profiles contain
elevated inversions of (plus) 6–12 K, (circle) 12–18 K, and
(diamond) >18 K. Inversions are weaker or absent at
locations shown by black dots. A triangle marks the Mars
Pathfinder landing site. Gray shading denotes negative
surface elevation, as in Figure 1. (b) A histogram showing
the fraction of RS profiles that contains an inversion larger
than (gray) 6 K and (black) 12 K.
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opposite side of Mars at 30�–90�E (Figure 4b), which are
notably weaker than those above Tharsis, exhibit the same
pattern of meridional structure.
[19] The results in Figures 3 and 4 show that the spatial

distribution and vertical structure of these inversions are
organized across the tropics on planetary scales. Elevated
inversions appear at a wide range of locations in a pattern
correlated with planetary scale topography. Although the
inversions are strongest above Tharsis, they are not local-
ized to prominent topographic features, such as the Tharsis
volcanoes.
[20] Figure 5 shows longitude-height cross sections of the

thermal structure in the tropics as viewed at fixed local time.
This figure includes both RS measurements (Figures 5a
and 5b) and an MGCM simulation (Figures 5c and 5d); the
latter will be discussed in section 4.2.1. As noted previously,
the RS profiles partially resolve the shallow nighttime
temperature inversion near the surface, which follows the
topography. The measured predawn temperature is �215 K
at 400 Pa decreasing to �195 K at 200 Pa. At 6�N
(Figure 5a), the most striking temperature variations appear
at pressures of 50–200 Pa and longitudes of 200�–280�E,
above Tharsis. This region contains a strong inversion with
temperatures ranging from <165 K to >195 K. The thermal
structure in subsequent measurements at 2�N is similar
(Figure 5b). A moderate inversion (�T > 12 K) also appears
near 80�E in Figure 5b.
[21] In constructing Figures 5a and 5b we selected

latitudes where RS profiles were obtained with nearly
complete sampling in longitude (see Figure 1b). When
viewed at fixed local time, the thermal structure in these
figures appears to be stationary with respect to the

surface. Analogous cross sections assembled from other
subsets of RS data support this conclusion.

3. Relationship of RS Results to Other
Observations

[22] This section briefly discusses observations of the
atmosphere by two other techniques, with emphasis on
the presence or absence of elevated inversions.

3.1. Mars Pathfinder

[23] Mars Pathfinder landed on the Martian surface on
4 July 1997 at Ls = 142.7� in MY 23, one Martian year
prior to the RS observations discussed in section 2. The
mission included an Atmospheric Structure Investigation
(ASI), which collected accelerometer measurements as the
spacecraft descended through the atmosphere toward its
landing site at 326.5�E, 19.1�N. Analysis of these data
has yielded a profile of early morning atmospheric
structure at altitudes of 9–140 km [Schofield et al.,
1997; Magalhães et al., 1999].
[24] The ASI profile contains a strong elevated inver-

sion, with temperature increasing from 184 K at 260 Pa
to 198 K at 150 Pa. This ASI inversion has been the
subject of several investigations, which suggest that it
arises from radiative cooling by a water ice cloud layer
[Haberle et al., 1999; Colaprete et al., 1999; Colaprete
and Toon, 2000]. Although its vertical structure is rem-
iniscent of the pronounced RS inversions that appear in
Figure 2, closer comparison reveals significant differen-
ces. There is little resemblance between the ASI profile
and RS profiles retrieved at essentially the same location
and local time in the following Martian year. More
generally, the region surrounding the Pathfinder landing
site is devoid of significant RS inversions (Figure 3a). We
defer further discussion of these differences to a separate
paper.

3.2. MGS Thermal Emission Spectrometer

[25] No other observations of these elevated temperature
inversions are currently available. The MGS Thermal Emis-
sion Spectrometer (TES) monitors the atmosphere continu-
ally, providing daily global coverage at two local times
[Smith et al., 2001a], but the vertical resolution of the
retrieved profiles (�10 km) is not sufficient for character-
izing this type of vertical structure. Simulations conducted
by B. Conrath (personal communication, 2000) support this
conclusion. He began with a sample RS profile and gener-
ated synthetic infrared spectra for both the nadir and limb
viewing geometries. He then used the synthetic data to
test the performance of standard TES retrieval algorithms
[Conrath et al., 2000]. The strong inversion in the original
RS profile (�T = 21 K) translates into a weak inversion in
the TES limb retrieval (�T = 5 K). The response in the TES
nadir retrieval is limited to changes in temperature lapse
rate, but no inversion is present.

4. MGCM Simulation

[26] The RS results in section 2 provide unique insight
into the nighttime thermal structure of the Martian tropics
and interesting challenges for numerical models. We now

Figure 4. Distribution of elevated temperature inversions
that exceed 6 K. Triangles denote the pressure at the base
and peak of each inversion. Results are shown at longitudes
of (a) 210�–270�E and (b) 30�–90�E. This pair of
longitude bands contains half the inversions that exceed
6 K. Gray shading indicates the approximate location of the
surface.
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turn to the GFDL MGCM to extend our understanding of
the elevated inversions beyond what can be learned from
observations at fixed local time.

4.1. Model Description

4.1.1. General Characteristics
[27] The GFDL MGCM was introduced by Wilson and

Hamilton [1996], who provide a thorough description of its
initial attributes and performance. Subsequent papers trace
the evolution of the model through its application to specific
phenomena, such as the Hadley circulation [Wilson, 1997;
Richardson and Wilson, 2002a], thermal tides [Wilson,
2000, 2002], transient eddies [Hinson and Wilson, 2002;
Wilson et al., 2002], the water cycle [Richardson and
Wilson, 2002b], water ice clouds [Richardson et al.,
2002], and stationary planetary waves [Hinson et al., 2003].
[28] The version of the MGCM used here has been

specialized to the problem at hand and it therefore differs
in some respects from all previous versions. We adopt the

method for modeling atmospheric dust that was used by
Hinson et al. [2003], but the current version has been
extended to include an interactive water cycle. We model
the water cycle in the same manner as Richardson et al.
[2002], but we have added a representation of the radiative
effects of water ice clouds, which were previously ignored.
[29] These simulations have a spatial resolution of 5� in

latitude by 6� in longitude with 40 levels extending from the
surface to an altitude of �90 km. The results shown here are
from a 5-day interval centered on Ls = 148�, but the model
yields essentially the same results throughout the interval
Ls = 145�–160�.
4.1.2. Radiative Effects of Aerosols
[30] Dust and water ice clouds can influence the thermal

structure of the atmosphere through absorption, scattering,
and emission of radiation. We now describe the method
used to model the radiative effects of these aerosols in our
MGCM simulations. Their spatial distribution is discussed
in section 4.1.3.

Figure 5. Thermal structure at fixed latitude and local time as it appears in (left) RS measurements and
(right) MGCM simulation. Each RS cross section was constructed from a sequence of profiles spanning
25 orbits (�49 h). RS results are shown at (a) 6�N, Ls = 145� and (b) 2�N, Ls = 147�. An analogous
display of results from the MGCM simulation is shown at Ls = 148� for latitudes of (c) 3�N and (d) 8�S.
The local time is 0408 for the RS measurements and 0400 for the MGCM simulation. The contour
interval is 5 K. Gray shading denotes the surface.
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[31] We use essentially the same method for modeling the
radiative effects of dust as Forget et al. [1999]. We also
include a similar representation of the radiative effects of
water ice clouds, which are often ignored [e.g., Forget et
al., 1999; Richardson et al., 2002]. Although generally
secondary to dust in their influence on thermal structure,
water ice clouds are efficient emitters of thermal radiation,
and the resulting radiative cooling can be significant when
the cloud infrared opacity exceeds �0.1 [Haberle et al.,
1999; Colaprete and Toon, 2000]. Through this mechanism
nighttime clouds play a prominent role in the simulations
presented here.
[32] Three parameters characterize the radiative proper-

ties of the aerosols: the single scattering albedo w, the
asymmetry parameter g, and the extinction cross section
efficiency Qext. In the interest of computational speed the
current version of the MGCM considers only Planck-
weighted averages of these scattering parameters within
selected wavelength bands.

[33] We represent the Sun as a black-body source at a
temperature of 6000 K, and we model the interaction of
solar radiation with atmospheric aerosols using a single
band (0.1–5 mm). The radiative transfer calculations are
simplified through use of the two-stream delta-Eddington
approximation, appropriate when the scattering phase func-
tion has a strong peak in the forward direction. In the
simulations described here, water ice clouds have a minor
impact at visible wavelengths. This is due in part to the
patchy coverage and weak opacity of the simulated daytime
clouds (see Figure 6a). In addition, the cloud influence is
dominated by scattering (w = 0.98 in the visible) so that
absorption is weak.
[34] We use three wavelength bands to represent radi-

ative transfer in the thermal infrared. As in previous
models, one band spans 11.6–20 mm [e.g., Pollack et
al., 1990; Forget et al., 1999], including the prominent
CO2 absorption feature near 15 mm. Within this band, we
ignore scattering and treat the aerosols as gray absorbers,

Figure 6. Distribution of water ice clouds as simulated by the MGCM at Ls = 148�. (a) The 12-mm
column opacity at local time 1400 is indicated by gray shading at levels of 0.025, 0.05, 0.1, 0.2, and 0.4.
(b) The 12-mm column opacity at local time 0400 is indicated by gray shading at levels of 0.05, 0.1, 0.2,
0.4, and 0.8. The true surface topography [Smith et al., 2001] is shown by contour lines at intervals of
3 km. The topography used by the MGCM is smoother. Thermal tides are responsible for most of the
variation in cloud opacity between these two local times.
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as discussed by Forget et al. [1999]. The absorption
efficiency Qabs � (1 � w) Qext.
[35] The remaining two infrared bands cover shorter (5–

11.6 mm) and longer (20–100 mm) wavelengths. This is the
same approach used by Forget et al. [1999], while Pollack
et al. [1990] merged these two intervals into one composite
band. Within each interval, the MGCM uses a two-stream
algorithm [Toon et al., 1989] to calculate the effects of
absorption and scattering by aerosols. It relies on the
hemispheric mean approximation and represents Planck
emission with a source function method.
[36] Table 1 lists the values for Qext, w, and g that were

used in this simulation. Parameter values for dust corre-
spond to a modified gamma size distribution with reff =
1.5 mm and veff = 0.4 [Wolff and Clancy, 2003] at a
temperature of 215 K. Parameter values for water ice are
based on Mie calculations for spherical particles (pure ice)
at a temperature of 180 K. For simplicity, we assume that
the ice particles are uniform in size with a radius of 4 mm.
This value is consistent with recent observations [e.g., Pearl
et al., 2001; Clancy et al., 2003; Wolff and Clancy, 2003;
Glenar et al., 2003].
[37] Cloud formation most likely involves heterogeneous

nucleation of ice onto dust particles, but this version of the
MGCM does not include an explicit treatment of the
interaction between the two types of aerosol. However,
the model mimics the effect of condensing water ice by
replacing the scattering parameters for dust with those
appropriate to water ice when the cloud opacity exceeds
the dust opacity within a given vertical layer. For example,
w would increase from 0.92 to 0.98 in the solar band, which
represents the brightening of the aerosol as a larger propor-
tion of the dust particles becomes coated with water ice.
4.1.3. Distribution of Aerosols
[38] The spatial distribution of dust is prescribed and

remains fixed, with no variations in response to sedimenta-
tion, eddy mixing, or advection. This approach is motivated
by our interest in the radiative effects of water ice clouds,
which are more easily assessed when the distribution of dust

is controlled in this way (see section 4.2.3). Our model for
the spatial distribution of dust resembles the one used by
Forget et al. [1999]. The reference mixing ratio is horizon-
tally uniform but dust is mixed to higher altitudes in the
tropics than at the poles.
[39] This model for the dust distribution can be tuned by

scaling the column opacity at a reference location. We
selected a value by comparing the simulated thermal struc-
ture with the RS measurements (e.g., Figure 5) and with the
zonal mean temperature field observed simultaneously by
TES [e.g., Smith et al., 2001a]. Near Ls = 150� we find good
overall agreement between the simulation and these mea-
surements when the dust visible opacity is 0.3 in the tropics.
This value for the visible opacity is also consistent with TES
observations in the infrared. Smith et al. [2001b] report a
column opacity at 9 mm of �0.15 in the tropics at this
season, while Clancy et al. [2003] conclude that the dust
opacity is �2 times larger in the visible than at 9 mm.
[40] We adopt the simple model for water ice clouds that

was used previously by Richardson et al. [2002]. The model
accounts for cloud microphysical effects by imposing
instantaneous phase changes between water vapor and ice
at each model time step. All supersaturated water vapor is
converted immediately to cloud ice. Conversely, cloud ice
sublimates immediately whenever the local vapor pressure
falls below saturation. The spatial distribution of ice
particles evolves in response to both advection and
sedimentation.
[41] Our MGCM simulations using this simple cloud

model overestimate the total cloud mass, though not by as
large a factor as in a previous investigation [Richardson et
al., 2002]. This improvement appears to result from an
increase in vertical resolution along with refinements in the
calculations of radiative transfer. Richardson et al. [2002]
reduced the cloud mass to a more plausible level by
enhancing the sedimentation rate of the water ice particles.
The approach used here is somewhat different. We retain the
sedimentation rate appropriate to particles with a radius of
4 mm, but we scale the cloud opacity by a constant factor,
which remains fixed throughout the simulation. All results
shown here are from simulations in which the cloud opacity
has been reduced by 50%. This value was selected to
constrain the radiative effects of the simulated clouds to a
level consistent with available observations. Without such
scaling the simulated clouds would produce overly strong
radiative cooling, particularly at night. The spatial distribu-
tion of the clouds is insensitive to this change in opacity.
[42] Figure 6a shows a map of the 12-mm column opacity

of water ice clouds at local time 1400 as simulated by the
MGCM. The model produces a cloud belt in the northern
tropics as well as polar hood clouds at high latitudes in the
south. The zonal average of opacity in the northern tropics
is �0.05, consistent with TES observations at this season
[Pearl et al., 2001, Plate 1; Smith et al., 2001b; Smith,
2004]. Notable enhancements of cloud opacity (0.1–0.2)
appear in the tropics above Olympus Mons, Alba Patera,
Lunae Planum, Syrtis Major, Elysium Mons, and east of
Isidis Planitia.
[43] The results in Figure 6a are generally consistent with

the distribution of water ice clouds observed at the same
local time by TES [Smith, 2004, Figure 16; Pearl et al.,
2001, Plate 2] and by the MGS Mars Orbiter Camera

Table 1. Radiative Properties of Aerosols Adopted for MGCM

Calculations

Band (Wavelength) Dusta Water Iceb

Solar (0.1–5 mm) Qext = 2.5 Qext = 2.5
w = 0.92 w = 0.98
g = 0.75 g = 0.80

Infrared (5–11.6 mm) Qext = 1.346 Qext = 1.313
w = 0.480 w = 0.484
g = 0.501 g = 0.809

Infrared (11.6–20 mm)c Qext = 0.749 Qext = 1.691
w = 0.356 w = 0.516
g = 0.521 g = 0.619

Qabs = 0.482 Qabs = 0.818
Infrared (20–100 mm) Qext = 0.419 Qext = 0.372

w = 0.316 w = 0.437
g = 0.362 g = 0.337

9 mm Qabs = 1.160
12 mm Qabs = 1.315

aValues are for a modified gamma size distribution, with reff = 1.5 mm and
veff = 0.4, at a temperature of 215 K.

bValues are for spherical particles of radius 4 mm at a temperature of
180 K.

cScattering by aerosols is ignored within this band.

E01002 HINSON AND WILSON: TROPICAL TEMPERATURE INVERSIONS ON MARS

7 of 15

E01002



(MOC) [e.g., Liu et al., 2003, Figure 19]. The most
significant discrepancy is that the localized afternoon clouds
observed by TES and MOC above Ascraeus, Pavonis, and
Arsia Mons are absent from Figure 6a. This is a conse-
quence of the 5� by 6� grid spacing used in this simulation,
which fails to resolve these dramatic topographic features.
The simulation of these localized orographic clouds
improves when the MGCM is run at finer resolution (2�
by 2.4�).
[44] With this approach to cloud modeling, the MGCM

achieves a reasonably accurate simulation of the daytime
tropical water ice cloud belt. Its opacity was decreasing
during the span of the RS experiments considered here in
response to a seasonal increase in temperature [Smith et al.,
2001b; Wang and Ingersoll, 2002; Liu et al., 2003; Smith,
2004]. However, the column abundance of water vapor in
the tropics remained substantial (�20 pr-mm) during this
interval [Smith, 2002].
[45] This simulation is characterized by strong diurnal

variation in the properties of tropical water ice clouds, as
illustrated in Figure 6b. At local time 0400 the simulated
clouds have a larger opacity and broader spatial coverage
than at 1400. The nighttime opacity is largest (0.4–1) in the
Tharsis region, and the zonal mean opacity is �0.25
throughout the tropics at 0400. No direct observations are
available at this local time (see section 5). As we will

show in section 4.2.2, these prominent nighttime clouds
form in response to wave-induced adiabatic cooling.

4.2. MGCM Results

4.2.1. Thermal Structure
[46] Figures 5c and 5d show longitude-height cross

sections of the simulated thermal structure at latitudes of
3�N and 8�S. The average temperature is �215 K at 400 Pa
and �195 K at 200 Pa, in good agreement with the RS
measurements in Figures 5a and 5b. The strong inversion in
the simulation at longitudes of 220�–270�E resembles the
thermal structure observed above Tharsis, with temperature
extremes at 8�S of >195 K at 50 Pa and <165 K at 100 Pa.
Less dramatic inversions appear in the simulation at other
longitudes, such as at 80�E in Figure 5c and at 110�E in
Figure 5d, reminiscent of the wide distribution of moderate
inversions in the observations (Figure 3). Note also the
similarity at longitudes of 40�–100�E between the moderate
temperature inversions in the measurements (Figure 5b,
2�N) and the simulation (Figure 5c, 3�N).
[47] We characterized the strength and spatial distribution

of elevated inversions in the simulated temperature field
using the method described previously in section 2.2. The
results appear in Figure 7. The simulation is similar to the
measurements in many respects: (1) the inversions are
strongest and occur most frequently above elevated terrain;
(2) the strongest inversions (�T > 18 K) are restricted to
longitudes of 220�–270�E, above Tharsis; (3) moderate
inversions (�T = 12–18 K) appear sporadically above the
elevated terrain north of Hellas at 10�N–15�S, 0�–140�E;
(4) few significant inversions are present above the low-
lying planitia of the northern tropics, and none occur in the
vicinity of the Pathfinder landing site; and (5) significant
inversions are scarce at longitudes of 160�–200�E. There
are notable differences as well, such as near 25�N, 228�E
(north of Olympus Mons) where the simulated inversions
are stronger than those observed. Nevertheless, the many
similarities between the simulation and the observations,
both here and in Figure 5, suggest that the quality of the
simulation is sufficient to provide valuable insight into the
RS measurements.
[48] We will show later in this section that the simulated

inversions are caused by thermal tides. Before proceeding, it
is useful to interject a brief review of basic concepts and
notation. The zonal and temporal structure of thermal tides
can be expressed as

T l; tLð Þ ¼
X

As;s cos s� sð Þlþ s� tL � ds;s
� �

; ð1Þ

where T is temperature, l is east longitude, tL is the local
true solar time, s is the zonal wave number (0, ±1, ±2, . . .),
� is the rotation rate of Mars, and s is a positive integer that
determines the frequency. Both s and s are dimensionless.
This expression can be converted to universal time tU by
noting that �tL = �tU + l. The summation in (1) includes
contributions from a variety of ‘‘modes’’ with amplitude
As,s and phase ds,s. We will use the notation Ts,s to refer to a
single term in this summation. (A more fundamental
description of the tides involves eigenfunctions of Laplace’s
tidal equation, and there is a distinct set of such Hough
functions associated with each choice for s and s [e.g.,
Andrews et al., 1987, section 4.2].)

Figure 7. (a) Distribution of tropical temperature inver-
sions at local time 0400 as simulated by the MGCM.
Symbols show locations where profiles contain significant
elevated inversions, using the same notation as in Figure 3.
A triangle shows the Mars Pathfinder landing site. Shading
denotes negative surface elevation. (b) A histogram
showing the fraction of simulated profiles that contains an
inversion larger than (gray) 6 K and (black) 12 K.
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[49] Thermal tides fall into two categories, and both types
are subject to aliasing in these RS observations [cf. Banfield
et al., 2003]. Solar-locked tides are forced directly by solar
heating and move with the Sun (s = s). They exhibit no
variation with longitude when observed at fixed local time.
In addition, modulation of the solar-locked tides by topog-
raphy and surface thermal properties excites solar-asynchro-
nous tides (s 6¼ s) that do not follow the Sun’s apparent
motion [Zurek, 1976; Zurek et al., 1992]. These can
propagate westward at different phase speeds than the
solar-locked tides (s > 0, s 6¼ s), eastward (s < 0), or not
at all (s = 0). When viewed at fixed local time, the solar-
asynchronous tides appear as zonally varying disturbances
with wave number js � sj > 0.
[50] With this background, we now return to the simula-

tion. Figure 8 provides a different perspective on the
simulated thermal structure at 8�S (Figure 5d). The temper-
ature field in Figure 8a has been averaged over local time to

remove the first-order effects of thermal tides. The temper-
ature decreases steadily with increasing height, except very
close to the surface, and there is no sign of an appreciable
elevated inversion. At pressures >150 Pa, the isotherms
include zonal modulation that tends to follow the surface
topography.
[51] Figure 8b shows the temperature deviations caused

by thermal tides at 0400, as obtained by subtracting the
diurnal average from the 0400 temperature field. Solar-
locked tides contribute the component that is independent
of longitude, as reflected in the dark and light bands that
alternate vertically. This zonal mean component is predom-
inantly diurnal with a vertical wavelength of �35 km and a
phase at this local time that results in a temperature
maximum near the 30-Pa pressure level [cf. Wilson and
Richardson, 2000]. The zonal variations arise from solar-
asynchronous tides. These, too, are primarily diurnal,
although semidiurnal modes contribute appreciably at some

Figure 8. Cross sections of thermal structure at 8�S as simulated by the MGCM. (a) The diurnal
average. The contour interval is 8 K. Dark shading denotes the surface. (b) The perturbation due to
thermal tides at 0400. The contour interval is 5 K, and light shading indicates negative values. The lower
panel has been extended upward to better illustrate the vertical structure of the tides. The temperature
field in Figure 5d is the sum of (a) and (b).
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locations. The net temperature deviations are strongest at
220�–270�E, where the amplitude reaches +25 K at 50 Pa
(258�E) and �21 K near 125 Pa (252�E).
[52] Figure 9 takes a closer look at the time evolution of

temperature deviations at a fixed location above Tharsis
(8�S, 258�E). The downward progression of these temper-
ature deviations reflects the downward phase propagation of
tides within the tropics [cf. Wilson and Richardson, 2000,
Figure 12]. It is apparent from Figure 9 that the tides at this
location are primarily diurnal, although the semidiurnal
tides are appreciable at all pressures and are most noticeable
near 10 Pa.
[53] Figures 8 and 9 demonstrate that thermal tides are

responsible for the simulated temperature inversions, pro-
ducing elevated inversions that descend steadily with
increasing local time. The inversions coincide with longi-
tudes of enhanced tidal amplitude, with the strongest
enhancement occurring above Tharsis, which is evidently
a major source of excitation for the solar-asynchronous
tides.
[54] Figure 10 illustrates the effect of the tides on tem-

perature profiles above Tharsis (8�S, 258�E). The figure is
restricted to the pressure range sounded by the RS experi-
ments, although significant variations occur at higher alti-
tudes (see Figure 9). The temperature near the base of the
profiles varies widely with local time in response to daytime
solar heating and nighttime radiative cooling of the surface,
as expected. A strong elevated inversion is present at local
times of 0100, 0400, and 0700 (Figure 10a). The inversion
descends steadily with increasing local time in response to
the downward phase propagation of the tides. At 0400 the
simulated inversion is characterized by temperature
extremes of 163 K at 100 Pa and 200 K at 50 Pa. This
profile closely resembles the vertical structure observed at
the same longitude and local time in Figures 2b and 2c.

[55] By local time 1000 the simulated inversion has
largely vanished, and Figure 10b shows that temperature
variations within this pressure range during the remainder of
the day are less dramatic than in the early hours. There is
relatively little variation among the simulated profiles at
1300, 1600, and 1900 (Figure 10b), except very close to the
surface. The diurnal cycle is completed as an elevated
inversion descends into the pressure range sounded by the
RS experiments at 2200 (see Figure 9).
[56] Figure 11 shows a latitude-height cross section of the

simulated thermal structure at 258�E, including both the
diurnal average (Figure 11a) and the perturbation due to
thermal tides at 0400 (Figure 11b). The strong meridional
temperature gradient at middle to high southern latitudes in
Figure 11a is characteristic of the basic seasonal state of the
atmosphere [cf. Smith et al., 2001a, Plate 5; Haberle et al.,
1999, Figure 4; Hinson and Wilson, 2002, Figure 1]. As was
the case in Figure 8a, no significant elevated inversion is
present in the diurnally averaged temperature field.
[57] The spatial structure of the simulated thermal tides in

Figure 11b is asymmetric about the equator, with two
important consequences. First, the tidal amplitude is larger
in the southern tropics than in the north, resulting in a
southward bias in the distribution of elevated inversions.
Within the region accessible to RS measurements, the tidal
amplitude at 258�E is sufficient to produce inversions only
at latitudes south of �10�N. Second, contours of tidal
amplitude in the southern hemisphere slope upward with
increasing distance from the equator, so that the height of
the inversions increases steadily toward the south. The
simulated thermal structure resembles the RS observations
in both respects (see Figures 2–4).
[58] The north-south asymmetry of the tides in Figure 11b

probably arises from two sources. First, the tides respond to
variations in surface topography, as noted previously in
connection with Figures 3 and 7, and the topography is
distinctly asymmetric about the equator (see Figure 1a).
Second, the meridional structure of the tides is also influ-
enced by the mean zonal wind field, which is highly
asymmetric at this season. A strong eastward jet, with
winds exceeding 100 m s�1, appears at high latitudes in

Figure 9. Temperature deviations at 8�S, 258�E and their
variation with local time as simulated by the MGCM. The
contour interval is 10 K and gray shading denotes negative
values. This pressure range extends from the surface to an
altitude of �80 km.

Figure 10. The diurnal cycle of thermal structure as
simulated by the MGCM at 8�S, 258�E. The profiles in (a)
are at local times of (dashed black) 0100, (solid black) 0400,
(dashed gray) 0700, and (solid gray) 1000. The profiles in
(b) are at local times of (dashed black) 1300, (solid black)
1600, (dashed gray) 1900, and (solid gray) 2200. All
profiles extend to within �100 m of the surface, where the
pressure is �290 Pa.
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the south, while the zonal winds in the north are compar-
atively weak [e.g., Smith et al., 2001a, Plate 5; Haberle et
al., 1999, Figure 4; Hinson and Wilson, 2002, Figure 1].
[59] In summary, we compared the simulated and

observed temperature fields, with emphasis on the conspic-
uous elevated inversions, and we find strong similarities.
These simulated inversions arise from thermal tides, and we
conclude that tides are also responsible for the
corresponding inversions in the RS observations.
4.2.2. Water Ice Clouds
[60] We now turn our attention to water ice clouds in

order to illustrate their distinctive spatial and temporal
structure, their radiative effects, which are considerable,
and their interaction with the tides.
[61] Figure 12 shows the structure of the simulated clouds

and its evolution with local time at 8�S, 252�E. The thermal
structure at this location includes a strong elevated inversion
similar to the one described previously in Figure 10. A
prominent cloud layer forms at night, and its structure and

time variation are closely coupled with the inversion. A
decrease in temperature near the 80-Pa pressure level
initiates cloud formation at a local time of �2000. During
the remainder of the night, the cloud layer resides near the
temperature minimum at the base of the elevated inversion,
and both the inversion and the cloud layer descend steadily
with increasing local time. The cloud dissipates after 0700
in response to wave-induced adiabatic warming and direct
solar heating. The column opacity of the cloud at 12 mm is
substantial at night (�1), but the sky becomes clear at this
location during the day.
[62] Figure 13 shows a cross section of the simulated

cloud structure at the same latitude (3�N) and local time
(0400) as the thermal structure in Figure 5c. Clouds appear
within a relatively narrow layer (100–200 Pa at 0400) at a
variety of longitudes. This entire cloud layer evolves with
local time in the manner described in Figure 12. The cloud
structure is closely coupled to the thermal structure, with a
direct correspondence between temperature minima that

Figure 11. Cross sections of thermal structure at 258�E as simulated by the MGCM. (a) The diurnal
average. The contour interval is 8 K. Dark shading denotes the surface. (b) The perturbation due to
thermal tides at 0400. The contour interval is 5 K, and light shading indicates negative values. The lower
panel has been extended upward to better illustrate the vertical structure of the tides. The dashed line
bounds the region sounded by RS experiments.
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appear below elevated inversions (Figure 5c) and enhance-
ments in water ice mixing ratio (Figure 13). The densest
cloud appears above Tharsis in connection with the stron-
gest temperature inversion. Note that ground fog also forms
adjacent to the surface in the Tharsis region, where the
surface thermal inertia is relatively low.
[63] According to our MGCM calculations, the cooling

rate due to thermal emission from the cloud in Figure 12
reaches �100 K sol�1 at local times of about 2300–0700.
(This is comparable to the nighttime cooling rate produced
by ground fogs in the simulations of Colaprete and Toon
[2000].) The cooling rates associated with less prominent
clouds, such as those at 40�–100�E in Figure 13, are
smaller in magnitude but still sufficient to influence the
thermal structure in the tropics. This radiative forcing has
the same distinctive spatial and temporal structure as the
clouds, which results in strong coupling between tropical
tides and water ice clouds in our simulation.
[64] The nature of this radiative-dynamical coupling can

be summarized as follows. Wave-induced adiabatic cooling
initiates cloud formation at specific locations and local
times, and prominent clouds occupy the temperature min-
ima at the base of elevated inversions. In this way the tides
strongly influence the structure and evolution of the water
ice clouds, as illustrated in Figures 12 and 13. The radiative
cooling produced by these clouds is therefore highly corre-
lated with the thermal structure of the tides. This radiative
forcing results in strong positive feedback that amplifies the
tides and enhances the elevated inversions.
[65] The MGCM simulation indicates that the nighttime

temperature minimum at the base of the elevated inversion
in Figure 12 results from a combination of dynamical
(adiabatic) and radiative cooling, while the nighttime tem-
perature maximum at the peak of the inversion results
entirely from adiabatic warming by the tides. In this regard,
Figure 12 illustrates the extent to which the tides control the
clouds. At the 100-Pa pressure level, the temperature

increases from �162 K at 0300 to �192 K at 0600. This
warming arises from tidal dynamics and completely over-
whelms the radiative cooling effect of the cloud, which is
substantial. Tides drive the cloud to progressively lower
altitudes.
4.2.3. Simulation With Passive Clouds
[66] We conducted a supplementary simulation with the

MGCM to illustrate the fundamental connection between
the inversions and tides. This experiment differs from our
baseline simulation only in that the radiative effects of water
ice clouds are ignored. Figure 14a shows the temperature
deviations caused by thermal tides at 8�S, 0400 in the
absence of cloud radiation. This should be compared with
Figure 8b, which shows the corresponding result from the
simulation with radiatively active clouds. Both simulations
yield similar spatial patterns of temperature deviations, but
cloud radiation intensifies both the solar-locked and solar-
asynchronous components of the tides in Figure 8b. This
amplification of the tides results not only in colder temper-
atures where radiative cooling occurs (100–200 Pa at 0400)
but also in dynamical warming at higher altitudes (10–
60 Pa at 0400). The magnitude of these changes is large,
exceeding 10 K at some locations. This combination of
cooling at the base and warming at the peak produces
much stronger inversions. The simulation that includes
radiatively active clouds agrees more closely with the RS
measurements.
[67] Figure 14 illustrates other properties of the tides in

the simulation that ignores cloud radiation. The solar-
asynchronous tides cause substantial zonal variations of
temperature even in this simulation. Their effect is most
pronounced at high altitudes, particularly at local time 1600
(Figure 14b). The phase of the tides at 1600 produces
elevated temperature inversions at pressures of 5–10 Pa.
These appear not only above Tharsis but also at other
longitudes, such as near 320�E and in the opposite hemi-
sphere near 60�E. In the absence of positive feedback from
cloud radiation, these inversions weaken as they descend

Figure 12. Characteristics of simulated water ice clouds
at 8�S, 252�E and their variation with local time. The
water ice mass mixing ratio is indicated by gray shading
at levels of 25, 100, and 225 parts per million. This is
superimposed on a contour plot of temperature, with a
contour interval of 6 K.

Figure 13. Cross section of water ice mass mixing ratio as
simulated by the MGCM at 3�N, 0400. The contour levels
are 20, 50, 90, and 130 parts per million. Gray shading
denotes the surface.
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with increasing local time, resulting in modest inversions at
pressures of 50–100 Pa at 0400.
[68] Finally, Figure 15 shows a latitude-height cross sec-

tion of tidal temperature deviations from the simulation with
passive clouds. The corresponding result from the simulation
with radiatively active clouds appears in Figure 11b. Com-
parison of these two figures shows once again that cloud
radiation intensifies the tides but that the spatial structure of
the tides is essentially the same in both cases. The results in
Figures 14 and 15 imply that tides control the basic behavior
of the elevated inversions, with clouds providing strong
amplification through nighttime radiative cooling.

5. Discussion

[69] Space-time spectral analysis of the simulated tem-
perature field reveals that a large number of tidal modes

contribute to the formation of elevated inversions. These
modes interfere constructively at some longitudes, particu-
larly above Tharsis, and destructively at others. This zonal
interference pattern reflects the basic topographic forcing
that excites the solar-asynchronous tides. Not surprisingly,
Tharsis plays a dominant role in this process.
[70] The westward propagating diurnal modes are an

essential component of the simulated inversions. For exam-
ple, both the T3,1 and T4,1 modes have amplitudes of �2 K
and vertical wavelengths of �20 km near the equator. The
eastward propagating diurnal modes, such as T�1,1 and
T�2,1, have larger vertical wavelengths but still play an
important role in shaping the structure of the inversions.
The zonally symmetric mode T0,1 also makes a notable
contribution.
[71] The westward diurnal modes, T3,1 and T4,1, are

planetary scale gravity waves, while the eastward diurnal

Figure 14. Temperature perturbations caused by thermal tides in a simulation where the radiative effects
of water ice clouds are ignored. Results are shown at the same latitude (8�S) as in Figure 8b for local
times of (a) 0400 and (b) 1600. The contour interval is 5 K. Light shading indicates negative values,
while dark shading denotes the surface.
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modes, T�1,1 and T�2,1, include a strong contribution from
diurnal-period Kelvin waves (also known as DK1 and DK2,
respectively). The interference among these diurnal modes
was illustrated in previous simulations of tropical tides with
the GFDL MGCM [Wilson, 2000, Figure 3; Wilson et al.,
2003, Figure 4]. Among these modes only the ones with
relatively large vertical wavelengths, such as DK1 and
DK2, are resolved by TES [Wilson, 2000; Banfield et al.,
2003].
[72] Prominent nighttime clouds form within an elevated

layer above Tharsis in our simulation (Figures 6b, 12,
and 13). They descend steadily through the night, merge
with the ground fog after 0400, diminish after 0700 in
response to a combination of adiabatic warming and direct
solar heating, and vanish by 1000. In this regard the
simulation is qualitatively consistent with the properties of
early morning clouds observed above Tharsis during the
northern summer season. For example, an image from the
Hubble Space Telescope (HST) at Ls = 94� (16 June 1993,
MY 21) contains bright water ice clouds in the region
surrounding the three Tharsis volcanoes and Olympus Mons
[Clancy et al., 1996, Figure 16], reminiscent of the simulated
cloud structure (Figure 6b). The peaks of the volcanoes are
visible above the cloud deck in this HST image, reflecting
the confinement of the clouds to low altitudes (<10 km) at
the local time of this observation (�0900). Akabane et al.
[2002] have tracked the diurnal variation of this so-called
‘‘Tharsis morning cloud’’ during early northern summer. In
observations near Ls = 116� (18–24 April 1982, MY 15), its
opacity decreased steadily during the morning from �1.2 at
0730 to �0.2 at 1130. A similar pattern of diurnal variation
was observed in other years [Akabane et al., 2002].
[73] Nighttime clouds such as those that appear in the

simulation are difficult to observe directly. For example, the
Mars Orbiter Laser Altimeter has detected a variety of
aerosols but is relatively insensitive to tropical water ice

clouds [Neumann et al., 2003]. The situation is more
complicated with TES, which sounds the atmosphere in
both nadir and limb viewing geometries at local times of
�1400 and �0200. Estimates for the column opacity of
water ice can be extracted from nadir observations only on
the dayside, where the relatively warm surface (T > 220 K)
provides sufficient thermal contrast with the atmosphere
[Pearl et al., 2001; Smith et al., 2001a]. In its limb scanning
mode TES avoids this problem by observing the atmosphere
against the cold background of deep space. Cloud opacity
can then be retrieved at any local time accessible to
observation, but only at altitudes above �10 km where
the data are free of contamination by surface thermal
emission [Christensen et al., 1998; Pearl et al., 2001].
For these reasons, direct observations of low-lying night-
time cloud layers, such as those in Figures 12 and 13, may
not be possible with TES.
[74] In our MGCM simulation, nighttime surface temper-

atures are enhanced at some locations by thermal emission
from water ice clouds [cf. Colaprete and Toon, 2000,
Figure 6; Kieffer et al., 1977, Figure 16]. The spatial pattern
of surface warming is correlated with the distribution of
cloud opacity (Figure 6b), with the strongest effects in the
Tharsis region. As part of an ongoing investigation, R. J.
Wilson and M. D. Smith are testing this aspect of the
simulation against TES observations of surface temperature
at local times of �0200 and �1400. Their initial results
provide tantalizing indirect evidence for the presence of a
substantial nighttime cloud in the Tharsis region.
[75] These results illustrate the value of the MGCM as a

tool for exploring interconnections among diverse observa-
tions. The relationships among the elevated temperature
inversions observed by RS, the Tharsis morning cloud
observed by terrestrial telescopes and HST, and nighttime
surface temperature anomalies observed by TES will be
examined more closely as part of future work.

Figure 15. Temperature perturbations caused by thermal tides in a simulation where the radiative effects
of water ice clouds are ignored. Results are shown at the same longitude (258�E) and local time (0400) as
in Figure 11b. The contour interval is 5 K. Light shading indicates negative values, while dark shading
denotes the surface. The dashed line bounds the region sounded by RS experiments.
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